Gravitational lensing and stellar dynamics provide two complementary, nearly orthogonal, constraints on the mass distribution of early-type lens galaxies. This allows the luminous and darkmatter distribution in higher-redshift (z > 0.1) galaxies to be studied beyond the limitations of each individual method. Two surveys have been initiated to compile a large sample of early-type galaxies suitable to lensing and dynamical studies: (1) The Lenses Structure & Dynamics (LSD) Survey and (2) the Sloan Lens ACS (SLACS) Survey . Using spherically symmetric mass models, I illustrated how lensing and dynamical constraints can be used to measure the "effective" density slope (γ ′ ) of galaxies inside their Einstein radii and estimate the typical error on this determination. The main results from the LSD survey thus far are: (i) Massive (typically > L * ) early-type galaxies at z ≈ 0.5-1 contain a significant fraction f CDM = 0.4 − 0.7 of dark matter inside their Einstein radii. [The null-hypothesis, f CDM = 0, is excluded at the > 99% in all analyzed systems.] (ii) The inner CDM density slope is γ CDM = 1.3
Introduction
Whereas the standard cosmological model (ΛCDM) is very successful in the linear regime, in the non-linear regime observations and theory appear to diverge. First, the inner mass profiles of dwarf and LSB galaxies -which are thought to be dominated by cold dark matter -appear to have cores with γ CDM < 1.0 (ρ ∝ r −γ CDM ), much flatter than the predicted γ CDM =1.0-1.5 . Second, the predicted amount of dark-matter substructure in galaxy halos is not reflected by the amount of visible substructure seen around the Milky Way. Although this might herald trouble for the standard cosmological model on small scales, one 'pillar' of the hierarchical structure formation model has yet to be studied in detail beyond the local Universe: massive early-type galaxies. Although Fundamental Plane studies of their stellar-population evolution have been done to z ∼ 1, comparatively little is known about their internal mass structure and their evolution. Since early-type galaxies are predicted to form at the highest density peaks in the early Universe, one expects them to form with significant amounts of cold dark matter. Hence knowledge of their dark-matter halos, their formation and their subsequent evolution provide crucial tests of the ΛCDM model. Studying the internal mass distribution of early-type galaxies is challenging, not only because baryonic collapse changes the initial dark-matter mass distribution, but also because simple rotation curves -as for disk galaxies -can often not be obtained and stellar-dynamical or gravitationallensing studies on their own suffer from degeneracies between isotropy, mass and mass profile. Consequently, the number of low-redshift early-type galaxies known to have or not have darkmatter is relatively small and less is known either about the shape of their inner dark-matter density profiles, let alone about early-type galaxies at higher redshifts or their structural evolution. Whereas lensing also provides some constraints on dark-matter halos, its distribution can also often not be measured because of the well-known mass-profile degeneracy. However, determining the amount, distribution and evolution of baryonic (e.g. stellar) and dark matter in the inner ∼15 kpc of early-type galaxies is a crucial step in shedding light on (i) the ΛCDM model, (ii) the formation scenario(s) of the most massive galaxies in the Universe and (iii) the interaction between baryonic and dark matter in galaxy formation (e.g. collisionless if stars formed before galaxy formation, or collisional if stars formed during galaxy formation). It is therefore essential to break degeneracies in the existing techniques and more precisely measure the inner mass profiles of early-type galaxies up to z ∼ 1. The reader is referred to Kochanek, Schneider & Wambsganss (2004) for a thorough introduction in the above issues, that are related to lensing. In this proceeding, I try explain in more detail why lensing and stellar-dynamical constraints break degeneracies in mass models and then show how this technique is being applied to real galaxies.
Gravitation Lensing & Stellar Dynamics
In strong gravitational lenses (i.e. multiple images), the mass enclosed by the images is nearly independent from the assumed mass model of the lens and can often be determined to less than a few percent accuracy. The weak dependence on higher-order moments of the mass distribution also implies that it is difficult to measure the mass profile of a lens galaxy, leading to the radial mass / 2
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, indicating an extended massive dark-matter halo. Note that the resulting total (luminous+dark-matter) mass slopes (γ ′ ; ρ tot ∝ r −γ ′ ) is nearly independent from the (constant) anisotropy parameter b iso .
profile degeneracy (e.g. Wucknitz 2002 ). This degeneracy, although not exact, is closely related to the mass-sheet degeneracy. The radial mass profile can also be determined by comparing the kinematic profiles (e.g. stellar dispersion) with those inferred from mass models. However, the same (luminosity weighted) stellar velocity dispersion can be the result of more a shallow/steep mass profile with radial/tangential anisotropy of the stellar velocity ellipsoid, especially if also the enclosed mass is allowed to vary. Hence, there is the well-known mass-anisotropy degeneracy. Because gravitational lensing determines the enclosed mass of the lens accurately, this is precisely what is needed in stellar dynamics to break the degeneracy with the mass profile and anisotropy as recently shown (see Treu & Koopmans 2004 and references therein).
Spherically Symmetric Lensing & Dynamical Models
Why does the combination of stellar dynamics and gravitational lensing work so well in determining the mass-density slope of lens galaxies? To answer this question, the stellar velocity dispersion profile is derived for power-law models (in density, luminosity density, etc.) and for constant stellar velocity-ellipsoid anisotropy (i.e. β models). It follows that all derived quantities then obey equally simple power-law scaling relations. Realistic galaxies are of course more complex. However, it serves to illustrate how different galaxies properties are interrelated and why mass-model degeneracies can be broken. They also allow simple error estimates of the derived quantities.
Stellar Velocity Dispersion Relations
Let us suppose that the stellar component has a luminosity density ν l (r) = ν l,o r −δ and is a trace component embedded in a total (i.e. luminous plus dark-matter) mass distribution with a density ν ρ (r) = ν ρ,o r −γ ′ . In addition, let us assume that the anisotropy of the stellar component
is constant with radius. For a lens galaxy with a projected mass M E inside the Einstein radius R E , the luminosity weighted average line-of-sight velocity dispersion inside an aperture R A / 3
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In the simple case of a SIS with γ ′ = δ = ξ = 2 and β = 0, we recover the well-known result
From eqn.2.1, one sees that the radial dependence of the stellar velocity dispersion depends on γ ′ only. All other parameters (i.e. δ, β, etc.) only enter into the normalization. Since the luminosity density (i.e. δ) is given by the observations, as is M E from lensing , the measurement of σ 2 || (≤ R A ≈ R E ) immediately gives the density slope γ ′ (β) (where β in general plays only a minor role). This is the basis of combining stellar dynamics with gravitational lensing.
Error estimate on the mass density slope
One of the most interesting parameters to determine is γ ′ , i.e. the slope of the total mass density. We can estimate the change δγ ′ from the observables. One finds to first order (assuming fixed values of β and δ):
The second term in this equation was already derived in Treu & Koopmans (2002) . If we further assume the errors on M E and σ || to be independent, 
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The mass-sheet degeneracy and the Hubble Constant
The mass-sheet degeneracy, κ ↔ (1 − κ c )κ + κ c , leaves all lensing observables, except for the time-delays (for a given value of H 0 ), invariant. The combination of gravitational lensing and stellar dynamics provides a way to break this degeneracy. First, we introduce two types of mass-sheets: (i) the internal mass sheet, i.e. a constant (or very extended) mass component that effectively acts as a mass sheet and is physically associated with the lens galaxy (thereby affecting its stellar dynamics), and (ii) the external mass sheet, i.e. a constant mass component that is present in the direction of the lens galaxy, but not physically associated (e.g. a nearly constant density of a nearby cluster or group).
In the case of the internal mass sheet, it is clear that stellar dynamics breaks this lensing degeneracy. A positive mass-sheet (κ c > 0) lowers the average density slope inside the Einstein radius (R E ), whereas the total enclosed mass remains the same. This lowers stellar velocity dispersion and thus a lower density slope measured from the lensing plus dynamical models. Thus, even though lensing can never break the degeneracy in the true mass slope, in combination with stellar dynamics it does. In the case of the external mass sheet, the mass inside the Einstein radius physically associated with the lens galaxy is overestimated by 1/(1 − κ c ). Hence, the true mass of the galaxy is actually different than inferred from lensing by δ M E ≈ −κ c . Similarly, the true mass slope, inferred from stellar dynamics as above, will be different from the true value by δ γ ′ ≈ +κ c α −1 g . Since the change in time-delay is δ ∆t ∝ (
then the effects on H 0 tend to be opposite for γ ′ ≈ 2. In other words, an unknown mass sheet (i.e. not accounted for in the mass model) leads to an overestimate of H 0 for a fixed γ ′ . However, the observed value of σ || is too small for that values of γ ′ and forces one to lower the latter, consequently lowering the inferred value of H 0 again. It should be emphasized, however, that the level of cancellation for external mass sheets depends on the precise model and the cancellation is neither precise nor guaranteed.
Observational Programs
Currently two main programs to combine gravitational lensing and stellar dynamical constraints are underway: (i) The Lenses Structure and Dynamics (LSD) Survey and (ii) the Sloan Lens ACS (SLACS) Survey. In the next two subsection, I describe each of these surveys and their results in more details. Wheres the LSD survey has concentrated thus far of early-type galaxies at z > 0.5, the SLACS survey is limited to galaxies at z < 0.5. Their combination could provide constraint on the evolution of the internal mass structure of early-type in the latter half of the age of the Universe.
The Lenses Structure & Dynamics Survey -LSD
The first target of the Lenses Structure & Dynamics LSD survey, the lens system MG2016+112, is shown in Fig.1 , as an example, consisting of a massive elliptical galaxy (G) at z=1.004, multiply imaging a quasar at z=3.273 in two images (A & B) . An 8.5-hr Keck ESI spectrum was obtained from which the stellar dispersion was determined (σ = 304 ± 27 km/s). Given the mass enclosed by the images -determined from the lens model -one can calculate the velocity dispersion profile of the lens galaxy, with the inner dark-matter mass slope (γ with ρ dm ∝ r −γ ) and stellar mass-tolight ratio (M * /L B ) as free parameters in a two-component luminous plus dark-matter mass model / 5
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L.V.E. Koopmans The results presented above are very promising, since no limits on the dark-matter halos of earlytype galaxies were known before at this level of accuracy or at z > 0.1. It shows that the technique of combining lensing & dynamics works well even for early-type galaxies at z ≈ 1. It also shows that early-type galaxies exhibit a variety or spread of internal properties (i.e. not all galaxies are formed equal). This emphasizes the need to study more galaxies, covering a larger range of parameters space in redshift, luminosity, color, etc. in order to examine possible trends, parameter-correlations and/or evolution in more detail.
The Sloan Lens ACS Survey -SLACS
To increase the sample of lens galaxies suitable for lensing and dynamical studies, we initiated a new HST snapshot program during Cycle-13 (SNAP-10174; PI Koopmans): the Sloan Lens ACS Surveys (SLACS). SLACS aims to target the 49 strong-lens candidates identified by Bolton et al. (2004a) , who analyzed ≈50,000 spectra from the Luminous Red Galaxy (LRG) sample from the Sloan Digital Sky Survey (SDSS). The candidates are massive early-type galaxies whose spectra show ≥ 3 nebular emission lines at a redshift higher than that of the LRG, indicating a potentially / 6
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Dark-Matter and Baryons in Early-type Lens Galaxies L.V.E. Koopmans lensed star-forming galaxy within the 3-arcsec diameter spectroscopic fiber. Bolton et al. (2004a) calculated that ≈20 of these candidates will be strong lenses, potentially tripling the current sample of lens systems suitable for lensing and dynamics analyzes (including LSD lenses). Since august 2004, one target has been observed each week on average in the F814W and F435W filters. Thus far about half of the sample has been targeted and ≥50% are genuine lens systems (e.g. Figures 2 & 3) .
The sample of SLACS lenses is ideal for detailed kinematic analyzes of their lens galaxies. Because of the sample selection, the lens galaxies are all bright LRGs and the lensed images are relatively faint (see Figure 3 ). This contrasts sharply with the majority of known lenses, where the lensed sources are bright QSOs (or galaxies) that outshine the lens galaxy itself, complicating any kind of detailed kinematic follow-up.
To study trends and evolution of the internal structure of early-type galaxies, we intend to measure the spatially resolved stellar kinematics of individual lens galaxies. Even for a small sample this already provides extremely interesting results (see Section 3.1), hard to obtain otherwise for galaxies beyond z ∼ 0.1. However, a large sample of early-type galaxies with detailed determinations of their internal structure also allows one to compare galaxies with different masses and as function of time, to study trends and evolution.
In particular, with the anticipated sample of ≈30 lens galaxies (including the nine observed within the LSD survey), a detailed study of the properties and cosmic evolution of the dark-matter halos around early-type galaxies can be made. Assuming the current average numbers of γ ′ ≈ 1.9 with 0.3 rms scatter, the δ γ ′ and its rms are 15%/ √ N and 30%/ N/2, respectively, per bin with N galaxies. To distinguish changes of 10% in γ ′ at the 2-σ level between bins, one needs 15 objects per bin. This would allow a measurement of the average and rms scatter per bin at the 4% and 10% accuracy level, respectively. Similarly, a total of 30 early-type lens galaxies would give the average dark-matter mass slope to 10% accuracy.
With an expected sample of ∼30 LSD + SLACS early-type lens galaxies, changes with redshift (or mass) in γ ′ at a 10% level can potentially be detected! / 7
Summary & Conclusions
The combination of stellar dynamics and gravitational lensing is starting to become a prominent tool in determining the luminous and dark-matter mass distribution in early-type galaxies beyond the local Universe. The reason is simple: stellar dynamics and gravitational lensing provide unique, nearly-orthogonal, constraints on the mass distribution of galaxies. This allows one to break degeneracies in their mass models, even with modest imaging and spectroscopic data-quality. For example, the density slope (γ ′ ) of galaxies inside the Einstein radius (∼5-15 kpc) can be determined with an accuracy of δγ ′ ∼ δσ || /σ || ∼ 0.1 (for typical data-sets). Similarly, although less precisely, can one determine the fraction of dark-matter ( f CDM ) inside the Einstein radius and its inner slope (γ CDM ). Results from the LSD survey thus far give: γ ′ = 1.9 ± 0.1 (with rms intrinsic scatter of 0.3, for the LSD sample plus B1608+656 and PG1115+080), γ CDM = 1. The SLACS survey -a cycle-13 HST-ACS snapshot program -is yielding the anticipated (see Bolton et al. 2004a ,b) large numbers of lens systems at z ≤ 0.5, suitable for detailed lensing and dynamical analyzes. The rate of discovery promises to deliver the several dozen lens systems required to quantify the total density profile of early-type galaxies, as well as their CDM mass fraction and slope. These measurement are expected to provide direct constraints on (ΛCDM) galaxy-formation models, which properly include dark matter, baryons and radiative processes.
